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ABSTRACT
An analytical approach is presented to control the axial clearance of a flat face flexibly
mounted stator (FMS) mechanical gas face seal. The seal axial clearance is controlled by
regulating the back-pressure force acting on the stator. The controller is systematically
designed using a completely analytical seal system model, in which the linearized gas
film stiffness and damping properties are represented by a constitutive model. An
algorithm based on this model is derived to calculate the critical axial clearance where the
seal is marginally stable, and a stable reference axial clearance is chosen. Proportional
and proportional plus integral controllers are designed and analytically studied in terms of
closed-loop stability and speed of response using the system model. The controllers are
verified using a full numerical simulation (including nonlinear effects) of the mechanical
gas face seal system, and the results demonstrate the effectiveness of both controllers to
maintain the reference axial clearance.
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INTRODUCTION
Noncontacting mechanical gas face seals (Fig. 1) are used in high-speed rotating
machinery to provide sealing for the gas. The sealing prevents gas from leaking around
the rotating shaft from one compartment to another by forcing it to escape through the
small gap between the mating seal faces. An ideal design is dynamically stable and one
that minimizes the face separation by maintaining the seal faces as parallel as possible,
even in the presence of initial stator misalignment and rotor runout which inevitably
result from manufacturing tolerances, assembly errors, face wear, etc.

In general, one of the seal rings is flexibly mounted to allow it to track the rotor
misalignments. This flexibility adds to the complexity of dynamic interaction between the
motion of the seal rings and the gas film. Under some circumstances, this dynamic
interaction can result in instability. Instability will cause failure by seal face contact
during operation, excessive leakage or both. Even though a seal may be stable, poor
dynamic tracking behavior is often the cause of seal failure, as it results in large relative
misalignments between the mating seal faces, thereby allowing excessive leakage to
occur. The seal system can be analyzed, along with the gas film and seal design
parameters, for stability and dynamic behavior to establish the stable reference axial
clearance at which it should operate. The back-pressure force can be adjusted using
feedback control so that the seal operates at the desired stable reference axial clearance.
Then, if the controller is designed properly, during operation this axial clearance will be
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maintained even if environmental and operating conditions change drastically or in an
unknown manner.

While very few studies have applied feedback techniques to gas face seals, several
studies applied these techniques to liquid face seals. The temperature of the seal face
and/or the lubricant was used as feedback to adjust the seal axial clearance by Salant et
al. [1], Wolff and Salant [2], Heilala and Kangasniemi [3], and Etsion et al. [4]. Salant et
al. [1] developed an electronically controlled flexibly mounted rotor (FMR) mechanical
seal. The film thickness was controlled by adjusting the opening force, which was
realized by changing the coning with a piezoelectric actuator. A similar control technique
was used in a later study by Wolff and Salant [2] for an electronically controlled double
mechanical gas seal. PID controllers were implemented and the controller constants were
determined from short term transient tests. Heilala and Kangasniemi [3] used compressed
air fed between the seal faces to generate an opening force to adjust the axial clearance.
Etsion et al. [4] used the back-pressure closing force acting on the stator to adjust the seal
axial clearance. Linear and nonlinear controllers were implemented for the system to
follow and maintain step variations in temperature set points, but details of the controller
design were not provided.

Zou and Green [5], Zou et al. [6] and Dayan et al. [7] used direct measurement of seal
axial clearance as feedback to regulate the axial clearance. Zou and Green [5] regulated
the seal axial clearance by adjusting the closing force on the flexibly mounted rotor. Air
pressure supplied by an electro-pneumatic transducer was used to adjust the closing
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force. Only the axial motion was considered, and the seal axial dynamic model was
experimentally determined. The model was used to design a PI controller with antiwindup. The system was tested for set-point changes in seal axial clearance and rejection
of process disturbances. Zou et al. [6] later investigated the feasibility of eliminating
contact between the seal faces. Contact was determined phenomenologically from pattern
recognition of probe signals and their power spectrum densities and from angular
misalignment orbit plots. In a later study, Dayan et al. [7] implemented a cascade control
scheme to eliminate contact between seal faces. The inner loop controlled the axial
clearance and maintained a desired set point by adjusting the air pressure, and the outer
loop adjusted the desired axial clearance set point using the variance differences in the
probe signals whenever contact was detected. The seal system was approximated as a
first order system and was used to design the inner loop PI controller. The outer loop PI
controller was determined by trial and error.

In the past work, controllers have been designed either experimentally or by trial and
error. In Salant et al. [1], Wolff and Salant [2] and Heilala and Kangasniemi [3], where
feedback control of gas face seals was implemented, the stability and transient
performance of the closed-loop system was not analyzed. In the present work, a
systematic approach, based on an analytical seal system model, is used to design and
analyze controllers for a flat face flexibly mounted stator (FMS) mechanical gas face seal
system.

SEAL SYSTEM MODEL
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A schematic of a flat face flexibly mounted stator (FMS) mechanical gas face seal is
shown in Fig. 1. The stator is flexibly mounted to the housing by elastomeric O-rings and
a spring or metal bellows. The rotor is assumed to be mounted rigidly to the rotating
shaft.

The kinematic model of the seal is shown in Fig. 2. The flexible mounting allows the
stator to have three degrees of freedom - axial displacement along the Z axis from the
equilibrium axial clearance, and tilts about the inertial X and Y axes. At any point in time
the axial clearance is C(t) = C0 + Z(t). The nutation angle is the stator tilt measured with
respect to the Z axis and, since the stator tilt angle is small, it can be treated as a vector
and decomposed into components along the inertial X and Y axes

r

r

r

γ s (t ) = γ X (t ) eX + γ Y (t ) eY

(1)

The dynamic motion of the stator is governed by the following equations of motion [8],

mZ&&(t ) = FC (t ) + FZ (t ) − FZeq − k sZ Z (t ) − d sZ Z& (t )

(2)

I γ&&X (t ) = M X (t ) − ksγ γ X (t ) − d sγ γ&X (t )

(3)

I γ&&Y (t ) = M Y (t ) − ksγ γ Y (t ) − d sγ γ&Y (t )

(4)
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The forces and moments acting on the stator result from the gas film pressure, deflections
in the flexible support and the back-pressure force. The gas film exerts a force along the
Z axis and moments about X and Y axes. The force FZeq results from static deflection in
the flexible support and the initial back-pressure force and offsets the gas film force at
equilibrium to establish the equilibrium axial clearance. At the equilibrium state, the
stator is initially assumed to be aligned with the rotor, in which case the gas pressure
provides no net moment. The flexible stator support is assumed to have a constant axial
stiffness and damping and, assuming that the support forces act at the outer radius, ro,
they contribute angular stiffness and damping [8], respectively, of ksγ = 0.5ksZ ro2 and dsγ
= 0.5dsZ ro2. A control force is generated when the back-pressure force is changed from
its initial value at equilibrium. In this paper, the back-pressure force acting on the stator
will be automatically adjusted to control the seal axial clearance.

In most cases, the dynamics of the seal system are studied experimentally or by direct
numerical simulation. In a direct numerical simulation of motion, the gas film forces and
moments are computed from the pressure profile during a simultaneous solution of the
Reynolds equation and the equations of motion. However, a linearized analysis of the
seal system developed by Miller and Green [9, 10] yields closed-form solutions of the
system dynamics. This analysis procedure allows for an efficient means to design and
study mechanical face seals. Furthermore, it provides an excellent tool to design and
analyze feedback controllers that regulate the seal axial clearance. A brief outline of the
analysis procedure will be given, but the reader is encouraged to consult Miller and
Green [9, 10] for more details.
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Gas Film Constitutive Model

With three degrees of freedom and three corresponding generalized forces, a total of nine
terms completely characterize the linearized gas film stiffness and damping properties.
Miller and Green [9] represent these properties using an analytical constitutive model. In
the Laplace domain, the properties are embodied by the transfer function,

N

Gij ( s ) = kij (∞) + ∑ Aijn s
n =1

( s + α ) cos(φ ) − υ
(s + α ) +υ
ijn

ijn

ijn

2

ijn

sin(φijn )

2
ijn

(5)

where kij(∞), Aijn, αijn, νijn and φijn are model coefficients, the i subscript corresponds to
the generalized force (FZ, MX or MY) and the j subscript corresponds to the generalized
displacement (Z, γX or γY). Gij(s) represents the relationship between the gas film force
and moments and small stator displacements and velocities. The complex gas film
frequency response is found by setting s = jω in Eq. (5), where j =

N

Gij (ω ) = kij (∞) + ∑ Aijn jω
n =1

( jω + α ) cos(φ ) − υ
( jω + α ) + υ
ijn

ijn

ijn

2

ijn

2
ijn

−1 in this context,

sin(φijn )

(6)

The real part of the complex frequency response is the storage modulus, or the stiffness,
Sij(ω), and the imaginary part is the loss modulus, or the product of the excitation
frequency, ω, and the damping, Dij(ω), where
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Gij (ω ) = Sij (ω ) + jω Dij (ω )

(7)

The values for the gas film model coefficients are determined using a curve fit procedure
on the complex frequency responses computed numerically by solving the Reynolds
equation. Three techniques have been presented in the literature for generating these
properties: the step jump method [11], the direct numerical frequency response method
[12], and the small perturbation method [13-15]. The perturbation solution is used in this
work.

Gas Film Correspondence Principle

The gas film forces and moments are related to the gas film properties and the seal
motion by the following constitutive relationships [10],

FZ ( s ) − Feq = −GZZ ( s ) Z ( s )

(8)

M X ( s ) = −GXX ( s )Γ X ( s ) − GXY ( s )ΓY ( s )

(9)

M Y ( s ) = −GYX ( s )Γ X ( s ) − GYY ( s )ΓY ( s )

(10)

In this linearized analysis, the terms that would couple the axial and tilt modes (GZX(s),
GZY(s), GXZ(s) and GYZ(s)) are all zero because of symmetry conditions [12]. The
following identities also exist because of symmetry conditions: GYY(s) = GXX(s) and
GXY(s) = -GYX(s). The gas film properties are integrated into the equations of motion using
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the gas film correspondence principle. According to the principle, the equations of
motion in Eqs. (2)-(4) are transformed into the Laplace domain; then Eqs. (8)-(10) are
substituted for the gas film force and moments, giving

ms 2 Z ( s ) = FC ( s ) − GZZ ( s ) Z ( s ) − k sZ Z ( s ) − sd sZ Z ( s )

(11)

Is 2 Γ X ( s ) = −GXX Γ X ( s ) − GXY ΓY ( s ) − k sγ Γ X ( s ) − sd sγ Γ X ( s )

(12)

Is 2 ΓY ( s ) = −GYX Γ X ( s ) − GYY ΓY ( s ) − ksγ ΓY ( s ) − sd sγ ΓY ( s )

(13)

For simplicity, zero initial conditions are assumed here. Now, the characteristic equations
for the axial mode and tilt modes of the open-loop system, respectively, are found from
Eqs. (11)–(13) and simplified using the symmetry identities,

ms 2 + GZZ ( s ) + k sZ + d sZ s = 0

(14)

⎡⎣ Is 2 + GXX ( s ) + k sγ + sd sγ ⎤⎦ + [GYX ( s ) ] = 0
2

2

(15)

These characteristic equations are useful for studying seal system stability. From the
characteristic equations, it is evident that the axial mode is decoupled from the tilt modes.

STABILITY
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The feedback controller proposed in this paper will automatically adjust the backpressure to regulate the seal axial clearance to a predetermined reference axial clearance.
This reference axial clearance is chosen in the following manner. First, the critical axial
clearance at which the seal is marginally stable will be determined. Seals operating at
larger clearances are unstable, so the reference axial clearance selected will be less than
the critical value. The critical axial clearance can be determined iteratively by simulating
the seal motion starting from a multitude of axial clearances, which is an extremely time
intensive process. In this paper, seal stability is determined via the direct analysis of the
seal system model.

Since the axial mode is decoupled from the tilt modes in this linearized analysis, stability
analysis can be performed separately for each. For the seal system considered in this
paper, the Routh-Hurwitz criterion was applied to the axial mode, and it was determined
to be stable for all axial clearances between 1 μm and 5 μm. Therefore, the seal stability
can be investigated by analyzing the stability of the tilt modes alone.

The proposed stability algorithm is an iterative routine to find the axial clearance at the
threshold of stability when the eigenvalues of the tilt modes are purely imaginary. First,
the axial clearance is fixed, and the model parameters are calculated for this axial
clearance. Then jω is substituted for s in Eq. (15), and a bisection routine is employed to
find the frequencies at which its real and imaginary parts are zero. This process is
repeated for a range of axial clearances, and the critical axial clearance is the one at
which the frequencies are equal. The stability algorithm was applied to the flat face
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mechanical gas face seal considered in this paper (Table 1), and the critical axial
clearance was determined to be 2.33 μm (see Fig. 3). From a full numerical simulation of
the mechanical gas face seal system, the critical axial clearance was found to be 2.36 μm,
thus validating the stability algorithm. The frequency of oscillation at this axial clearance
was approximately 1000 rad/s (see Fig. 3), very close to half the shaft speed. This
provides further validation of the stability algorithm since it is well known that flat face
seals oscillate at half the shaft speed when they are marginally stable [9].

Root Locus Analysis of the system as a function of axial clearance

Root Locus diagrams of the axial mode open-loop poles and zeros as a function of axial
clearance are shown, respectively, in Figs. 4a and 4b and listed, respectively, in Table 2a
and 2b. The open-loop poles for all these axial clearances lie in the left-half plane,
meaning that the system without the controller is stable in the axial mode for these
clearances. The open-loop zeros for all these axial clearances lie in the left-half plane
also, implying that there is no non-minimum phase response. Also, the real-parts of the
poles and zeros decrease as the axial clearance decreases, meaning the system response
slows as the axial clearance decreases (i.e., the settling time increases with decreasing
axial clearance). The damping of the system also decreases as the axial clearance
decreases.

GENERAL CONTROL STRATEGY

The control approach in this paper is to maintain the seal at an axial clearance where the
seal is stable. Using the linearized analysis, this seal is predicted always to be stable in
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the axial mode for axial clearances between 1 μm and 5 μm, but the tilt modes are
unstable for axial clearance above 2.33 μm. The back-pressure force is adjusted to
maintain the axial clearance at a stable reference axial clearance. Though only the axial
clearance is directly controlled by regulating the back-pressure force, the tilt modes are
controlled indirectly through the changing gas film properties, which are functions of
axial clearance. The reference axial clearance, Cref, is chosen to be within the stable range
(C < 2.33 μm for this seal), though practically several other factors (including dynamic
performance and leakage rate) will be considered when choosing the reference value. For
this case, Cref = 1.5 μm is chosen.

The closed-loop system block diagram is shown in Fig. 5. The controller transfer function
is GC(s), the plant (i.e., the FMS mechanical gas face seal system) transfer function is
G(s), the back-pressure force (control force) is FC(s), the reference axial displacement is
Zref(s) and the actual axial displacement is Z(s). The reference axial displacement from
equilibrium is Zref(s) = C0(s) - Cref(s). For the closed-loop system, it is assumed that the
axial displacement is fully measured and that complete control of the back-pressure force
is available.

From Eq. (11), the open-loop transfer function is

G ( s) =

Z (s)
1
=
2
FC ( s )
( ms + GZZ (s) + ksZ + d sZ s )
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(16)

Substituting sKZZ(s) from Eq. (5) into Eq. (16) and expanding yields

G ( s) =

N1 ( s )
Z (s)
=
2
FC ( s ) N1 ( s ) ( ms + sd sZ + k ZZ (∞) + k sZ ) + D1 ( s )

(17)

where

N

2
2 ⎤
N1 ( s ) = ∏ ⎡⎢( s + α ZZp ) + υ ZZp
⎥⎦
⎣
p =1

(18)

2
2 ⎫
⎧
N
s + α ZZp ) + υ ZZp
(
⎪
⎪
D1 ( s ) = ∑ ⎨ AZZn s ⎡⎣( s + α ZZn ) cos(φZZn ) − υ ZZn sin(φZZn ) ⎤⎦ ∏
⎬
2
2
n =1 ⎪
p =1 ( s + α ZZn ) + υ ZZn ⎪
⎩
⎭

(19)

N

The open-loop poles and zeros are computed from the polynomials represented by the
denominator and numerator, respectively, of Eq. (17).

From the block diagram in Fig. 5, the axial displacement error is

E ( s ) = Z ref ( s ) − Z ( s )

(20)

Likewise, the back-pressure force (control force) is given by the control law

FC ( s ) = GC ( s ) E ( s )
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(21)

Therefore, the closed-loop transfer function is

GC ( s ) N 2 ( s )
Z ( s)
=
Z ref ( s ) D2 ( s ) + GC ( s ) N 2 ( s )

(22)

where

⎡

N 2 ( s ) = ⎢ s 2 N + s 2 N −1

⎣

N
2
2
2
α
...
+
+
+ υ ZZn
(α ZZn
)⎤⎥
∑
∑
ZZn
n =1
n =1
⎦
N

(23)

N
N
⎡
⎤
⎛
⎞
2
2
+ υ ZZn
D2 ( s ) = ⎢ ms 2 N + 2 + s 2 N +1 ⎜ d sZ + ∑ 2mα ZZn ⎟ + ... + ( k ZZ (∞) + ksZ ) ∑ (α ZZn
)⎥ (24)
n =1
n =1
⎝
⎠
⎣
⎦

The closed-loop transfer function in Equation (22) gives the relationship between the
actual and reference axial displacements. Having this relationship in analytical form now
allows for designing and studying controllers analytically. Using the closed-loop transfer
function, proportional and proportional plus integral controllers will be designed
analytically in this paper.

PROPORTIONAL CONTROL

First, proportional control will be considered. The proportional control law is given by
letting GC(s) = Kp in Eq. (21),
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Fc ( s ) = K P ( Zref ( s ) − Z ( s ) )

(25)

where KP is the proportional gain. The closed-loop transfer function then becomes

K P N 2 (s)
Z (s)
=
Z ref ( s ) D2 ( s ) + K P N 2 ( s )

(26)

The steady-state axial displacement error, e(∞), with a proportional controller is
computed using the Final Value Theorem,

⎛
⎧
⎫
Z ( s) ⎞
D2 ( s )
e(∞) = lim s ⎜1 −
s⎨
⎟⎟ Z ref ( s ) = lim
⎬ Z ref ( s )
0
s →0 ⎜
s
→
⎩ D2 ( s ) + K P N 2 ( s ) ⎭
⎝ Z ref ( s ) ⎠

(27)

For a chosen reference input, ZR, and steady-state error, e(∞), the proportional gain is
found by performing the lim s → 0 in Eq. (27) and rearranging,

Kp =

( kZZ (∞) + k sZ )( Z R − e(∞) )
e(∞ )

(28)

Since the seal model parameters, including kZZ(∞), are dependent upon the axial
clearance, the proportional gain constant in Eq. (28) also depends on the axial clearance.
To design the proper proportional control gain, kZZ(∞) is computed at the projected
steady-state axial clearance, Css = Cref – e(∞), because the seal with the controller is
expected to operate at this clearance in steady-state. Unlike in previous studies, in this
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paper a proportional controller has been analytically designed without the need for trial
and error using the seal system model along with the chosen values for the reference axial
displacement and the steady-state error.

The closed-loop system with a proportional controller was investigated for the seal
system described in Table 1. The initial clearance is C0 = 5 μm, which is unstable in the
tilt modes. The reference axial clearance was chosen to be Cref = 1.5 μm, which is well
within the stable regime (C < 2.33 μm); therefore, the reference axial displacement is -3.5

μm. This value is negative because the reference axial clearance is lower than the starting
equilibrium clearance. The steady-state error, e(∞), was chosen to be -0.1 μm, which is
within 3% of the reference axial displacement, giving the steady-state clearance, Css = 1.6

μm.

Root Locus Analysis for Proportional Control

Though the gas film properties are available at all clearances in the range 1 μm to 5 μm,
like with kZZ(∞), the gas film properties used in the Root Locus analysis are analyzed at
the projected steady-state axial clearance, Css = Cref – e(∞). With proportional control, an
excess of two poles exists; therefore, the Root Locus diagram has two branches that
approach asymptotes at angles of ±

π
2

radians. The roots along these branches dictate the

axial motion oscillations that occur in the seal response. The sum of the open-loop poles
is −

N
d sZ N
− ∑ 2α ZZn , and the sum of open-loop zeros is −∑ 2α ZZn . The real-axis intercept
m n =1
n =1
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of the asymptotes is a function of the sum of the open-loop poles and the sum of the
open-loop zeros, and is

⎛ d sZ N
⎞ ⎛ N
⎞
2
α
−
−
⎜ m ∑ ZZn ⎟ − ⎜ −∑ 2α ZZn ⎟
n =1
⎠ ⎝ n =1
⎠ = − d sZ
σa = ⎝
2
2m

(29)

Equation (29) implies that the real-axis intercept is solely a function of the support
damping and the stator mass. It also implies that at large gains, as the complex conjugate
poles approach the asymptotes, the closed-loop system is always stable. Also, note that
the real-part of the poles of the seal support system is −

d sZ
. Therefore, this controller
2m

structure has fundamental limitations on the speed of the oscillatory response (i.e.,
settling time of the oscillations) that are dictated solely by the seal support system, and
this outcome is predicted analytically from the seal system model.

For the seal system in Table 1, the open-loop poles and zeros at a steady-state axial
clearance of 1.6 μm lie in the left-half plane. The Root Locus of the closed-loop system
with proportional control is shown in Fig. 6. The open-loop system has five poles (8.3711, -2100.8, -32737.3 and -2397.3 ± j59182.6), three finite real zeros (-178.9, 2388.4 and -34073.7) and two infinite zeros. The Root Locus has three branches on the
real axis, and the zeros lie to the left of the real-axis poles. The Root Locus diagram in
Fig. 6 shows that the system is stable for all gains. There are two branches that approach
straight lines asymptotically with a real-axis intercept of -1500, which (as discussed
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earlier) is the real-part of the poles of the seal support system, at angles of ±

π
2

radians.

Therefore, for higher gains, the speed of the axial mode oscillatory response is limited by
the seal support system.

The proportional gain computed using Eq. (29) was KP = 4.72 (10)8 N/m. The seal system
with the proportional controller was numerically simulated with the nonlinear effects
included, and the stator dynamics are shown in Figs. 7a-d. The initial conditions for this
simulation were γ&X = 0.1 rad/s and γ&Y = Z& = 0. Fig. 7a shows that the steady-state axial
displacement is reached in approximately 0.05 s. and the steady-state axial displacement
error was -0.05 μm, which is within the desired steady-state error. The γX and γY tilts are
stable at the new steady-state axial clearance. Fig. 7b shows that the control force settles
to a steady-state value 20.1 N. The control force has high-frequency oscillations during
the transient phase because the closed-loop system has complex-conjugate poles that
make the system response oscillatory. However, the control force is smooth at steadystate and eventually reaches a constant value. In this paper, it is assumed that there is
complete authority over the control force. In reality, the control force would be generated
by a pneumatic valve, and the valve may not have the required bandwidth to generate the
high-frequency response during the transient phase. However, any pneumatic valve can
achieve the control effort required at steady-state.

PROPORTIONAL PLUS INTEGRAL CONTROL
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With the proportional controller alone, a steady-state error is inevitable, but a zero
steady-state error is achievable with proportional plus integral control. The proportional
plus integral control law is given by letting GC ( s ) = K P +

Fc ( s ) = K P ( Zref ( s ) − Z ( s ) ) +

KI
in Eq. (21),
s

KI
( Zref (s) − Z (s) )
s

(30)

where KP is the proportional gain and KI is the integral gain. Using Eq. (22) the closedloop transfer function then becomes

Z (s)
( sK P + K I ) N 2 ( s )
=
Z ref ( s ) sD2 ( s ) + ( sK P + K I ) N 2 ( s )

(31)

As given by the Final Value Theorem, the steady-state axial displacement error, e(∞),
with a proportional plus integral controller is zero since the reference input is constant.

The closed-loop system with a proportional plus integral controller was investigated for
the seal system described in Table 1. The initial clearance is C0 = 5 μm, which is unstable
in the tilt modes. The reference axial clearance was again chosen to be Cref = 1.5 μm,
giving Zref = -3.5 μm. Since there is a zero steady-state error with proportional plus
integral control, Css = Cref = 1.5 μm.

Root Locus Analysis for Proportional plus Integral Control
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As with the proportional control before, the Root Locus diagram for proportional plus
integral control is analyzed at the projected steady-state axial clearance (Css = Cref, since
e(∞) = 0). For proportional plus integral control, a pole is always located at the origin and

a zero will be located at −

KI
. As with proportional control, an excess of two poles
KP

exists; therefore, two branches of the Root Locus diagram approach asymptotes at angles
of ±

π

d sZ N
radians. The sum of the open-loop poles is −
− ∑ 2α ZZn and the sum of open2
m n =1
N

loop zeros is −∑ 2α ZZn −
n =1

KI
. The real-axis intercept of the asymptotes is
KP

KI
⎛ d sZ N
⎞ ⎛ N
2
α
−
−
⎜ m ∑ ZZn ⎟ − ⎜ −∑ 2α ZZn − K
n =1
⎠ ⎝ n =1
P
σa = ⎝
2

⎞
⎟
⎠ = − d sZ + K I
2m 2 K P

(32)

Therefore, the real-axis intercept is a function of the support damping stiffness, stator
mass and controller zero location. A fundamental limitation exists on the transient
response and stability. The speed of the response is limited by the pole at the origin and
the asymptotes of the complex conjugate poles. Also, as the zero is placed further in the
left-half plane, the real-axis intercept moves towards the right-half plane. Thus, if
K I d sZ
>
, the closed-loop system will be unstable for large controller gains.
KP
m

In this study, a zero is placed at -5. There exist limitations on where the zero can be
placed. If the zero is placed beyond -3000, the closed-loop system will be unstable for
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large controller gains since σa > 0 in Eq. (32). Also, if the zero is placed beyond the first
real axis pole at -7.9, slow frequency oscillations will be induced for a certain range of
gains. For the system in Table 1, the open-loop poles and open-loop zeros at the reference
axial clearance of 1.5 μm lie in the left-half plane. The Root Locus of the closed-loop
system with proportional plus integral control is shown in Fig. 8. The system has six
poles (0, -7.9, -1882.3, -29296.5 and -2336.6 ± j60997.1), four finite real zeros (-5, 160.4, -2139.6 and -30559.9) and two infinite zeros. The Root Locus has four branches
on the real axis, and the zeros lie to the left of the real-axis poles. Two branches approach
straight lines asymptotically at angles of ±

π
2

radians with a real-axis intercept of -1495.

The Root Locus diagram shows that the system is stable for all gains. For the closed-loop
system, the proportional gain is selected to decrease the oscillatory response. The
proportional and integral gains are 5 (10)8 N/m and 2.5 (10)9 N/ms, respectively.

The seal system with the proportional plus integral controller was numerically simulated
with the nonlinear effects included, and the stator dynamics are shown in Figs. 9a-d. The
initial conditions for this simulation were γ&X = 0.1 rad/s and γ&Y = Z& = 0. Fig. 9a shows
that the closed-loop system achieves a zero steady-state axial displacement error within
approximately 0.5 s. As stated earlier, the dynamics of the seal support system limits the
speed of response, thereby increasing the settling time. The γX and γY tilts are stable at the
new steady-state axial clearance. Fig. 9b shows that the control force settles to a steadystate value 22.8 N. The control force has high-frequency oscillations during the transient
phase because the closed-loop system has complex-conjugate poles that make the system
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response oscillatory. However, the control force is smooth at steady-state and eventually
reaches a constant value.

SUMMARY AND CONCLUSIONS

An analytical approach is given in this paper for designing and analyzing controllers for
regulating the axial clearance of a mechanical gas face seal. While the results in this
paper were applied to a flat face seal, the approach is applicable to mechanical face seals
with any geometry. The seal system model analytically represents the linearized gas film
stiffness and damping properties using a constitutive model. Using the seal system model,
a stability algorithm is developed that provides a means to compute the critical axial
clearance. Proportional and proportional plus integral controllers are designed and
investigated based on the analytical model. The closed-loop system with a proportional
controller is stable for all controller gains. However, the speed of the oscillatory response
is limited by the dynamics of the seal support system. The closed-loop system with a
proportional plus integral controller is unstable for large gains if

d
KI
> sZ . The speed
2 K P 2m

of response is again limited by the dynamics of the seal support system. The controllers
are validated using a full numerical simulation (including nonlinear effects) of the seal
system, and the results demonstrate the effectiveness of both controllers. The analytical
approach presented in this paper obviates the need for a lengthy trial and error process
and provides a means to analyze the closed-loop system performance without extensive
simulations.
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Table 1. Mechanical Gas Face Seal Parameters.

Outer Radius, ro

60.0 mm

Inner Radius, ri

48.0 mm

Shaft Speed, Ω

2000.0 rad/s

Gas Viscosity, μ

1.8 (10)-5 N·s/m2

Ambient Pressure, Pa

0.1 MPa

Pressure at Inner Radius, pi

0.2 MPa

Pressure at Outer Radius, po

0.1 MPa

Stator mass, m

0.1 kg

Transverse Moment of Inertia, I

1.8 (10)-4 kg·m2

Support Axial Stiffness, ksZ

5.0 (10)5 N/m

Support Axial Damping, dsZ

300.0 N·s/m

Support Angular Stiffness, ksγ

900 N·m/rad

Support Angular Damping, dsγ

0.54 N·m·s/rad

Axial Clearance, C

1.0 μm to 5.0 μm range

Taper

0.5 μm
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Table 2a. Open-Loop Poles as a Function of Axial Clearance.

C0(μm)
1.0

1st pole

2nd pole

3rd pole

-5.4

-966.6

-15000.8

4th & 5th poles
-1974.8 ± j 72987.3

1.5

-7.9

-1882.3

-29296.5

-2336.6 ± j 60997.1

2.0

-10.5

-3092.2

-48494.5

-2555.9 ± j 53215.3

2.5

-13.2

-4595.8

-72513.4

-2606.3 ± j 47701.6

3.0

-16.1

-6394.9

3.5

-19.2

-8495.8

-100906.1 -2641.2 ± j 43615.2
-133370.2 -2735.9 ± j 40430.5

4.0

-22.6

-10910.2

4.5

-26.3

-13657.5

-169742.2 -2888.8 ± j 37830.7
-209881.5 -3077.3 ± j 35628.4

5.0

-30.3

-16763.1

-253633.5 -3277.3 ± j 33710.6
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Table 2b. Open-Loop Zeros as a Function of Axial Clearance.

C0(μm)
1.0

1st zero

2nd zero

3rd zero

-82.9

-1096.7

-15742.9

1.5

-160.4

-2139.6

-30559.9

2.0

-262.9

-3517.7

-49928.2

2.5

-390.6

-5229

-73715.1

3.0

-543.4

-7271.1

-101785.1

3.5

-721.2

-9641.4

-133994.7

4.0

-924.1

-12337.1

-170191.4

4.5

-1151.9

-15355.4

-210212.4

5.0

-1404.9

-18692.9

-253883.6
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Figure 1. Schematic of a Mechanical Face Seal in a Flexibly Mounted Stator
Configuration.
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Figure 2. Mechanical Face Seal Kinematic Model.
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NOMENCLATURE

Aijn

Amplitude coefficient for constitutive model (N/m or N·m/rad)

C

Axial clearance between rotor and stator centers (m)

C0

Axial clearance at equilibrium (m)

Cref

Reference axial clearance (m)

Css

Steady-state axial clearance (m)

dsZ, dsγ

Axial and tilt damping of stator support (N·s/m or N·m·s/rad)

Dij

Generalized gas film damping

r r
eX , eY

Unit vectors in X and Y axes directions

e(∞)

Steady-state axial displacement error (m)

FC

Back-pressure force (control force) (N)

FZ

Gas film axial force (N)

FZeq

Gas film axial force at equilibrium (N)

GZZ

Generalized gas film direct axial frequency response (N/m)

GXX , GXX

Generalized gas film direct tilt frequency response (N·m/rad)

GXY , GYX

Generalized gas film cross-coupled frequency response (N·m/rad)

I

Stator transverse moment of inertia (kg·m2)

j

−1

kij(∞)

Generalized asymptotic stiffness (N/m or N·m/rad)

ksZ, ksγ

Axial and tilt stiffness of stator support (N/m or N·m/rad)

KI

Integral gain (N/m·s)

KP

Proportional gain (N/m)

41

m

Stator mass (kg)

MX, MY

Gas film moments about X and Y axes (N·m)

r i, ro

Inner and outer radii of the stator (m)

Sij

Generalized gas film stiffness

t

Time (s)

XYZ

Inertial frame of reference

Z

Axial displacement of stator measured from the initial axial clearance (m)

Zref

Reference axial displacement of stator (m)

Zss

Steady-state axial displacement of stator (m)

αijn

Exponential decay coefficient for constitutive model (1/s)

γX, γY

Amplitude of stator tilt about X and Y axes (rad)

γs

r

Stator tilt vector

νijn

Oscillation frequency coefficient for constitutive model (rad/s)

φijn

Frequency shift coefficient for constitutive model (rad)

ω

Excitation frequency (rad/s)

Ω

Shaft rotational speed (rad/s)

σa

Real-axis intercept of the asymptotes in the Root Locus diagram

SUBSCRIPTS

i

Corresponding to the generalized force: FZ, MX or MY

j

Corresponding to the generalized displacement: Z, γX or γY
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